Astrometry is a powerful technique to study the populations of extrasolar planets around nearby stars. It gives access to a unique parameter space and is therefore required for obtaining a comprehensive picture of the properties, abundances, and architectures of exoplanetary systems. In this review, we discuss the scientific potential, present the available techniques and instruments, and highlight a few results of astrometric planet searches, with an emphasis on observations from the ground. In particular, we discuss astrometric observations with the Very Large Telescope (VLT) Interferometer and a programme employing optical imaging with a VLT camera, both aimed at the astrometric detection of exoplanets. Finally, we set these efforts into the context of Gaia, ESA's astrometry mission scheduled for launch in 2013, and present an outlook on the future of astrometric exoplanet detection from the ground.
INTRODUCTION
It is now established that extrasolar planets are abundant in the Galaxy 1-3 and many hundreds have been discovered using a variety of techniques. 4 However, the degree to which exoplanets are characterised varies greatly. The goal of current large observational campaign is to obtain large samples of planets with uniformly and accurately determined properties. These are principally the orbital parameters, the planet's mass, size, and atmospheric characteristics, and the host star's properties. The comprehensive characterisation of planetary systems, which is necessary to progress in our understanding of planet formation and evolution, can generally only be obtained by combining several observing techniques. Astrometry consists in measuring stellar positions in the sky and can be applied for indirect planet detection by determining the small lateral displacement of a star orbited by an unseen planet (measurements of relative astrometry are possible when the planet is detected directly, but those cases are not covered here). This contribution deals with the realisation of such observations from the ground, which have to cope with the disturbing influence of the Earth's atmosphere. We discuss the scientific motivation (Sect. 2), introduce the employed techniques (Sect. 3), present two ongoing projects using optical interferometry (Sect. 4) and imaging (Sect. 5), and conclude with an outlook into the future of ground-based astrometric planet searches (Sect. 6).
SCIENTIFIC POTENTIAL OF ASTROMETRY
The potential of astrometry for exoplanet detection was recognised when the available measurement precision reached a few milli-arcseconds (mas), thus offering the perspective of detecting giant Jupiter-like planets in wide orbits around nearby stars. 5, 6 Unfortunately, most of the announced detections were later shown to be false and have taught us to be particularly cautious in this field. However, continued progress in instrumentation made first robust applications of astrometry possible and we refer the reader to the reviews in Refs. 7-9. To illustrate the parameter space accessible with astrometric measurements, it is useful to point out some figures and attributes related to astrometry and to compare it with other planet detection techniques. (M J ) companion in a 100 day orbit around a 1 M star located at a distance of 10 pc induces an astrometric signature of the star's barycentric orbit of 0.4 mas, In comparison, the Hipparcos space mission, 10 which is the only large survey of precision astrometry to date, realised a single measurement precision of ∼1 mas, thus would have difficulties to detect the 0.4 mas signal of our hypothetical planet. Formally, the angular semimajor axis a 1 of a star's barycentric orbit caused by a companion with mass m 2 depends on the distance to the system d, the orbital period P, and the primary mass m 1 11
The amplitude of a 1 , which is the signal we seek to detect, therefore decreases with increasing distance and primary mass but increases for increasing orbital period and planet mass. This is different for the radial velocity (RV) and transit photometry techniques, whose detection capabilities are nearly independent of distance. However, the RV signal of a given planet decreases with orbital period and, assuming that planetary orbits are randomly oriented in space, the transit probability also decreases with the period. Direct imaging and gravitational microlensing searches were so far predominantly sensitive to wide orbits, and usually do not well constrain all orbital parameters. The relation (1) shows that the measurement of a 1 determines the planet mass, provided that the primary mass can be estimated. Astrometry resolves the 2-dimensional orbit and therefore gives us access to all seven orbital parameters and thus to a planet-mass estimate without the sin i ambiguity present in RV planet masses. It is also instructive to inspect the astrometric signatures of the known population of exoplanets. Figure 1 shows the minimum semimajor axes of the barycentric stellar orbits caused by 570 planets listed in the exoplanet.org database 13 on July 4, 2013, that have an entry for planet mass, stellar mass, distance, and orbital period. These are lower limits to a 1 , because we assumed m 2 = m 2 sin i when the inclination was unknown, which is the case for most RV planets. The vertical scatter stems from different distances and primary/secondary masses of systems with the same relative separation. Keeping in mind that the planet compilation is subject to biases, we observe that only five planets (i.e. < 1 %) introduce an astrometric signal larger than 1 mas. Lowering the threshold to 100 and 10 micro-arcseconds (µas) increases the number of known planets with signatures greater than that to 101 and 271, respectively. We now can broadly summarise the requirements and the potential of astrometry with the following qualitative statements.
an astrometric study typically has to reach an accuracy of ∼10-100 µas.
2. Provided that an accuracy well below 1 mas is achieved, astrometric surveys can offer invaluable information on planetary systems and open potentially unique detection opportunities. Astrometry is particularly suited to accurately derive the planet mass function (without sin i ambiguity) and to study long-period planets (P∼1-10 years, taking advantage of larger amplitudes). In addition, some parameters of planetary systems are nearly exclusively accessible by astrometry, e.g. the mutual orbital inclinations in non-transiting multi-planet systems 14 and spin-orbit obliquities for non-transiting planets. 15 3. The astrometric accuracy required to discover and study planets similar to Earth around nearby stars, which is one of the outstanding goals of astronomy, is ∼0.1-1 µas (see Fig. 1 ), i.e. 2-3 orders of magnitude better than what currently is available. However, astrometry is a promising technique to pursue this goal because it is expected to be less prone to perturbations by stellar activity compared to other techniques 16 and, due to the complete orbit characterisation, it makes efficient follow-up observations possible. 17 
GROUND-BASED TECHNIQUES
The position of stars can be measured either in an absolute sense by directly relating them to a global reference frame or relative to a local coordinate system, usually constituted by other stars in the field of view. In either case, astrometric observations from the Earth's surface are affected by turbulence occurring in the atmosphere that alters the instantaneous apparent position of a star. Second, systematic errors of the measurement process have to be mitigated carefully, which calls for detailed calibration and operation procedures. Finally and fundamentally, the information content of the observations, often measured in terms of signal-to-noise (S/N), has to be sufficient for the targeted measurement precision δ
where λ is the observing wavelength and D is the aperture size. In practice, the control of systematic errors is the limiting factor of modern ground-based astrometry. Note that we will limit the discussion mostly to optical techniques (which includes the near-infrared spectral range) and only give a brief overview of radio VLBI applications in Sect. 3.4.
The limitations imposed by atmospheric turbulence
The refractive index of the air column along the line of sight of an astronomical observatory is variable mostly due to temperature fluctuations. 18 An incoming wavefront of stellar light therefore experiences phase distortions across the telescope pupil, which affect the location of the star's image formed in the focal plane of the instrument. Wind alters the instantaneous phase distortions with the effect of random image motion, which depends on the spatial and temporal variation of the refractive index. Because the atmospheric turbulence is entirely uncorrelated over wide fields, global optical astrometry from the ground is limited to ∼10 mas, 19 thus inhibiting exoplanet science. A much better performance can be achieved in narrow-angle mode by measuring the relative positions of stellar objects within a small field of view, typically 1 for optical observations. In this narrow-angle mode, the variance δ 2 of the measured angular separation Θ depends on the instrument aperture size D, and the exposure time
In line with classic Kolmogorov turbulence, the commonly used parameter values are r = 2 and p = 4/3, 20, 21 which also apply to optical interferometry 22 and correspond to the case of a single reference object. However, with several reference stars, the correlated turbulence within a field of size Θ can be suppressed much stronger. This requires symmetrisation of the reference star field, after which the model parameters were shown to be r = 11/3 and p = 3, thus leading to a much improved performance for large filled apertures of size D. [23] [24] [25] [26] These calculations predict that both optical long baseline interferometry and imaging with an 8 m-class telescope are capable of realising 10-100 µas astrometry with ∼1/2 hour-long exposures in narrow-angle mode.
1. To make a significant contribution to the research field of extrasolar planets by determining the orbits of host stars,
Imaging astrometry
The most basic astrometric technique is to take an image of a group of stars and to measure their relative positions. The goal is to measure the proper, parallactic, and orbital motion of a nearby star with a planet relative to the surrounding stars located at large distances. Like in other fields of astronomy, the use of CCDs made steep improvements in performance and efficiency possible. 27 Today, both seeing-limited and adaptive-optics assisted cameras are being used for exoplanet work. The Palomar 5 m and the 2.5 m Du Pont telescope are used for astrometric planet searches around late-type stars. 28, 29 With precisions of ∼0.5-2 mas these programmes could detect brown dwarf companions of stars 30 and constrain the mass range of the planet around GJ 317. 31 The best performance for seeing limited observations is currently achieved with the Very Large Telescope (VLT), which reaches an accuracy of 200 µas and is discussed in Sect. 5. Near-infrared cameras equipped with adaptive optics systems can reach astrometric precisions of 100-300 µas. [32] [33] [34] [35] However, planet search surveys using these instruments were so far limited to arcsecond-scale binaries (using one binary component as astrometric reference and searching for orbital motion of the other component) and have not yet yielded a detection. 36 
Astrometry with optical interferometry
The large effective aperture sizes that can be generated with the multiple telescopes of an optical interferometer make them ideal instruments for high-precision astrometry. Usually, only two stars can be observed jointly with this technique and one serves as astrometric reference for searching the orbital motion of the other. The prospect of reaching 10 µas precision for relative astrometry of two stars 22 separated by 1 and the attractive science case of exoplanet detection led to the successful demonstration experiment at the Palomar Testbed Interferometer 37 (PTI). The Keck and VLT interferometer implemented this mode of operation with the ASTRA 38 and PRIMA 39 facilities, respectively. Because both PTI and the Keck Interferometer have ceased operation, PRIMA is the only facility to currently implement this mode and we discuss it in more detail in Sect. 4. A special observing mode (the 'very narrow-angle' mode) applicable to the planet search around stars in sub-arcsecond binaries consists in scanning the two fringe packets resolved by the interferometer in delay space to determine the stars' relative separation. Precisions of 10 µas were achieved 40 and yielded the currently best candidate for an exoplanet detected by astrometry alone: a ∼2 Jupiter-mass planet candidate in a 1000 day orbit around one of the components of HD 176051. 41 A project employing a similar strategy is currently underway at the Sydney University Stellar Interferometer. 42 
Radio Very Long Baseline Interferometry (VLBI)
Radio VLBI observations in phase-referencing mode (analogue to narrow-angle interferometry in the optical) routinely yield relative astrometry at the 10-100 µas accuracy level. [43] [44] [45] Unfortunately for the prospect of exoplanet detection, most nearby stars are not bright enough at radio wavelength to be studied with this technique. However, planet search efforts have been reported for M dwarfs 46, 47 and promote VLBI astrometry as a promising technique for specific questions in exoplanet science.
ESPRI: ASTROMETRIC SEARCH FOR PLANETS WITH PRIMA
The goal of the ESPRI project 48 is to discover and characterise extrasolar planets around nearby stars using astrometric observations with the VLT interferometer (VLTI). The dual-feed infrastructure that makes such observations possible at the VLTI is named PRIMA. The ESPRI survey was designed to last several years and to address three main topics: the determination of orbital inclinations for nearby RV planets, the search for long-period giant planets in the solar neighbourhood, and the search for giant planets around young stars. 48 
Principles
An exhaustive description of the principles, the instrument hardware, and the operation of the PRIMA astrometric instrument is given in Ref. 39 . Additional background information can be found in Refs. 9,49 and we only give a basic overview here: PRIMA implements the dual-feed capability at the VLTI and makes it possible to observe two stars separated by 1 simultaneously with two 1.8 m Auxiliary Telescopes spanning a ∼100 m baseline. Long-stroke delay lines and shortstroke differential delay lines compensate the optical delays internally and the stellar beams are combined in the two fringe sensors (one per star), who drive two feedback loops for fringe tracking. A 4-beam laser metrology measures the effective differential delay which is used to determine the projected angular separation of the two stars.
Status
In 2011, PRIMA was used to perform astrometric test observations of bright visual binaries aimed at exercising the operational procedures and establishing the basic performances (Fig. 2) . For target separations <10 and on timescales <1 h, the astrometric precision of PRIMA was shown to be limited predominantly by the atmosphere to a level of 20-30 µas. For wide-separation targets, however, much larger systematic errors were recorded and the night-to-night repeatability of the astrometric measurement was limited to a few mas. 39 A start of scientific operations for the ESPRI survey was therefore unconceivable and the project moved to a phase of re-assessment and trouble shooting. The dominant source of systematic errors was identified as the beamtrain between the telescope primary mirror and the ninth mirror in order of incidence (M9) that previously was not monitored by the laser metrology system. Consequently, the alignment of some VLTI/PRIMA subsystems was improved and the laser beampath was extended up to the secondary telescope mirror, which required substantial hardware changes. At the time of writing (July 2013), the so modified system is being tested on-sky. 
PRECISION ASTROMETRY WITH FORS2 AT THE VLT
In a series of papers since 2006, P. Lazorenko and collaborators have shown that a specially tailored reduction method applied to images taken with the FORS2 50 camera mounted on one of the 8 m telescopes of the VLT can lead to astrometric measurements of excellent precision and stability. 26, 51, 52 The demonstrated precision reaches 50 µas in some cases, which makes exoplanet search and characterisation possible with this instrument. Below, we briefly review the principles of the technique and discuss the results published so far.
Principles
The main requirements to achieve ∼100 µas astrometry with seeing-limited images of a single-dish optical telescope can be summarised as follows: 23-26, 51, 52 (1) An 8 m-class telescope is required to average out the atmospheric image motion. (2) A large number ( 100) of reference stars with magnitudes similar to the science target have to be present in the fieldof-view (typically a few arc-minutes wide). (3) Spatial distortions of the image point-spread-function have to be modeled carefully and their variation in time has to be minimised by restricting the allowable seeing conditions. (4) Image motions and distortions by the atmosphere and the instrument/telescope have to be mitigated on the basis of the reference star field. By combining all those requirements, a long-term accuracy of 50 µas has been demonstrated. 26 
Results
For the planet searcher, the requirement (2) above turns out to be the most constraining because it limits the type of attainable targets. Very low-mass stars and brown dwarfs are ideal targets, because the are nearby, thus promising large angular reflex motions, but also faint so that sufficient background stars are usable in the images. Even more importantly, the question of planet occurrence around these objects is unresolved. Those 'ultracool' dwarfs are therefore the first targets to be studied with FORS2 and the initial astrophysical application was the independent disproof of the giant planet around VB 10 using only four astrometric measurements with an average precision of 90 µas collected over ∼17 days. 53 At about the same time, an astrometric planet search survey targeting nearby ultracool dwarfs was initiated. The true potential of FORS2 astrometry was demonstrated with the first result of this survey, the discovery of a brown dwarf companion in a 246 day orbit around the L1.5 dwarf DE0823-49 54 (Fig. 3) . The precision and accuracy of the method was therewith shown to be sufficient to detect potential planets of a few Neptune masses in >500 day orbits around nearby ultracool dwarfs. 
FUTURE PROSPECTS
Astrometric planet searches from the ground have so far yielded few but promising results, e.g. a good candidate for the first astrometric planet detection 41 and an unusual very low-mass binary system. 54 If the ESPRI project succeeds in overcoming the instrument-related problems and PRIMA astrometry will be limited solely by the atmosphere, we can expect results on giant planets in the near future. In addition, new instruments and techniques 55, 56 are emerging and provide us with the astrometric accuracy necessary for planet detection. One instrument that will certainly boost this field of research is the Gaia space astrometry mission.
Impact of Gaia
Gaia is a space mission and therefore slightly out of the scope of this review, but it will revolutionise the application of astrometry to exoplanet science, thus has to be discussed here. Gaia 57, 58 is a cornerstone mission of the European Space Agency and is expected to be launched in November 2013. Following observation principles similar to its predecessor Hipparcos, Gaia will create an all-sky map of about one billion stellar objects with visible magnitudes of ∼6-20. On average, every object will be observed ∼70 times during the 5-year mission lifetime, yielding a wealth of astrometric, photometric, and spectroscopic data. The expected single-measurement astrometry precision of ∼20-50 µas in the G∼6-15 magnitude range 59 makes Gaia an exoplanet discovery machine with an expected yield of several thousand new giant planets with periods 10 years around stars within 200 pc. 60 We can therefore expect that Gaia will make astrometry a standard tool for the study of exoplanetary systems. Its uniform survey and large number of detected planets will make statistical studies of planet and host star parameters possible and thereby lead to new insights into the planet formation and evolution processes.
Future potential of ground-based astrometry
Although Gaia will probably dominate this field over the next few years, ground-based efforts should by no means be cut back. On the contrary, we need efficient ground-based facilities to independently address numerous science questions and for the preparation and follow-up of space missions that have a limited lifetime. Ground-based facilities have been and will remain essential for the development and demonstration of new methodologies and technologies. The space and ground-based optical imaging telescopes differ in the size of their entrance aperture and consequently in their light collecting power. Therefore, whereas astrometry of bright objects is advantageous from space, the monitoring of faint stars can be favourable with large ground-based telescopes. This is illustrated by FORS2/VLT observations that have a single-epoch precision comparable to the Gaia expectation on stars fainter than ∼15th magnitude. 54, 59 This comparison testifies for a good performance of the currently working seeing-limited imaging telescopes for the planet search around faint nearby stars. The astrometric reduction used for the FORS2 observations discussed above effectively eliminates atmospheric image motion and is limited primarily by the seeing variations and the S/N of the star images. Using adaptive optics systems with wide-field correction as those coming online on 8 m-class telescopes, [61] [62] [63] the S/N can be increased and we expect that the precision of dedicated observations can reach ∼10 µas. Similarly, the 30-40 m apertures of future extremely large telescopes (e.g. E-ELT, TMT) offer the opportunity for extremely precise astrometry, potentially even better than 10 µas, 25, 64 provided that their cameras cover a field wide enough to capture a large number of reference stars. Because of the precision requirement of better than 0.5 µas, it is unlikely that ground-based astrometry will be capable to detect Earth twins in the near future and dedicated space mission will probably be necessary. 17 , 65 However, we should keep in mind that the present-day performance of <1 m/s of stellar radial velocity measurements was equally unimaginable some decades ago.
